Introduction
[2] Colonization of the terrestrial environment is generally accepted to have occurred in several phases. The first of these phases comprised microbial mats of bacteria, cyanobacteria, algae and fungi [Wright, 1985; Edwards and Selden, 1993; Nisbet and Fowler; . This was followed in the mid-Ordovician to late Silurian by diversification of small plants with embryophytic affinities, partially exhibiting bryophytic characteristics (the Eoembryophytic and Eotracheophytic of Gray [1993] ) of possibly axial organization, which grew among the communities of thalloid organisms and cyanobacteria comparable to modern biological soil crusts [Tomescu et al., 2006] . Increased height and complexity of sporophytic branching patterns, facilitated by the evolution of xylem and homoiohydry, led to a new vegetation type with increased subaerial biomass. These species first became abundant in the Ludlow (late Silurian), with global proliferation in the Lower Devonian [Edwards, 2003] , and many are thought to have exhibited clonal growth with limited underground rhizomatous systems, but no roots [Kerp et al., 2001] . Present in this vegetation were the earliest lycophytes with true roots [Gensel and Berry, 2001] , heralding a new wave of vegetation in the Devonian of plants of diverse lineages, but with even more complex rooting systems in volume and depth [Raven and Edwards, 2001; Algeo and Scheckler, 1998 ]. It was the advent of such systems, particularly in well-drained upland soils [Berner, 1998] , that is thought to have accelerated the decrease in atmospheric CO 2 by increasing chemical weathering [Driese et al., 2000; Algeo and Scheckler, 1998; Retallack, 1997; Holland, 1978] .
[3] Land plants affect chemical weathering in several different ways. They actively secrete organic acids into the soil environment to extract essential nutrients from minerals [Jones et al., 1996] , and provide dead organic matter for decomposition by microorganisms which also release organic acids into the soil [Killham, 1994] . Additionally, the respiration of plant rooting structures and soil organisms increases soil CO 2 concentration. CO 2 reacts with soil water to form carbonic acid. Soil respiration therefore increases the carbonic acid levels within soils. Carbonic acid is the most abundant acid on Earth [Brady and Zachara, 1996] ; rainwater is naturally acidic largely because of its effects.
[4] Only about 15% of present-day total soil CO 2 concentration is derived directly by diffusion from the atmosphere [Ghosh et al., 1995] , the remainder originates indirectly from soil respiration: belowground plant [Lambers et al., 1996; Baxter et al., 1997] and microbial respiration due to increased supply of plant-derived organic matter through rhizodeposition or dead organic matter [Nguyen, 2003; see also Cardon, 1996] . Consequently, current soil CO 2 concentrations can be up to 100-fold higher than atmospheric CO 2 levels [Russell, 1973; Keller and Wood, 1993; Lambers et al., 1996] . Elevated atmospheric CO 2 frequently results in further enhancement of soil respiration, plant and microbially derived [e.g., Gorissen, 1996; Andrews and Schlesinger, 2001 ; see also Oh and Richter, 2004] .
[5] Carbonic acid dissolves silicate minerals at atmospheric temperatures [Busenberg and Clemency, 1976; Brantley, 2003] . The weathering products, including, significantly, the base cations calcium and magnesium, are transported to the ocean where they are precipitated biogenically or abiogenically as carbonates [Holland, 1978] . This process removes bicarbonate from the oceans, sequestering it over geological time in the lithosphere [Urey, 1952; Berner, 1992] . These processes can be summarized by the reaction:
[6] The chemical equilibrium between atmosphere and ocean is maintained by the dissolving of further atmospheric CO 2 in the ocean. An increase in chemical weathering therefore decreases atmospheric CO 2 levels as more CO 2 is dissolved [Dessert et al., 2003] . This implies the presence of a feedback mechanism: a higher atmospheric CO 2 concentration increases chemical weathering which lowers atmospheric CO 2 and this, in turn, decreases chemical weathering [Brady and Carroll, 1994] . Over geological time, the gains of CO 2 (from, for example, volcanic releases of CO 2 and carbonate weathering) have been fractionally smaller than losses to the lithosphere. Yet these losses have not been trivial and have led to the net removal of carbon from the atmosphere [Holland, 1978] .
[7] While generally accepted that plants enhance chemical weathering, there is still discussion regarding the exact role different plant types played during the mid-Palaeozoic. Boucot and Gray [2001] have challenged Berner's [1998] view that chemical weathering increased only with the advent of rooted plants by suggesting the presence of nonrooted plants may have also contributed substantially. Others have suggested that even simple systems such as lichens, microbial mats and bryophytes [e.g., Jackson and Keller, 1970] can affect the dissolution of silicate minerals. Berner [1990] recognized the lack of knowledge of the role of nonvascular land plants on weathering by including a wide range of error in his model.
[8] Information on the potential effects of plants on chemical weathering has generally been obtained from field studies [Bormann et al., 1998; Moulton et al., 2000; Bohlen et al., 2001; Aghamiri and Schwartzman, 2002] , the results of which can frequently be difficult to interpret because of the complexity of the processes involved. Field studies also often suffer from insufficient replication and low precision in vegetation and soil analyses [Binkley et al., 2000] . Experimental work to explore the effects of different vegetation types, which has the potential to address these factors, has not yet been undertaken.
[9] To explore the potential of plants to introduce respiration-derived CO 2 into soil, different plant types, representing different taxa that are analogs of different stages in rooting system and biomass evolution were grown in a purpose-built controlled environment facility under two atmospheric CO 2 regimes. Elevated CO 2 treatment was at levels that were likely prevalent during early stages of plant evolution, and the control was at current ambient atmospheric CO 2 levels. Plants were chosen following McElwain and Chaloner's [1995] ''nearest living equivalent (NLE) species'' concept. NLE species are defined as extant species that show ecological and/or structural similarity to the fossil plants with which they are being compared. Study organisms were chosen as analogs of plants with no underground organs (algae: > 90% Schizochlamys gelatinosa A. Braun; Chlorophyta), plants with rhizoids (various bryophytes: mainly Conocephalum conicum (L.) Dum. and Leptobryum pyriforme (Hedw.)), and tracheophytes either nonrooted with rhizomatous rooting systems (Psilotum nudum (L.) Griseb.) or with very extensive rooting structures (Equisetum hyemale (L.)). The controlled environment microcosm approach allows accurate control and determination of factors such as temperature, humidity, substrate and composition of plant cover. Factors which can make interpretation of results difficult were excluded, for example, temperature/humidity fluctuations, nonuniform soil conditions, and the activities of soil fauna and burrowing animals. As with comparable microcosm experiments [e.g., Lawton, 1996] , this empirical approach also allows studies to be kept as simple as possible, yet sufficiently realistic to be useful. It is not an attempt to imitate nature, but to reduce natural complexity to focus on the key questions.
[10] The study was divided into two phases. Phase I was aimed at determining whether plant community species composition, in particular, rooting structures, affected the concentration of dissolved CO 2 recorded in the leachate collected from the microcosms. We hypothesized that substrate CO 2 concentrations of the algae and control trays would reflect only direct atmospheric effects, with increasingly greater belowground systems (rhizoids, rhizome plus rhizoids, roots) introducing increasingly more CO 2 into the substrate. Plants were grown at both ambient and highly elevated atmospheric CO 2 (10 times ambient). This level was derived from estimates of Devonian (416-359 Ma) palaeoatmospheric CO 2 concentrations [e.g., Mora et al., 1991; Berner and Kothavala, 2001] . In Phase II additional organic matter was added to the substrate, simulating natural turnover of soil organic matter (SOM) and bioturbation. Decomposing material should provide improved resources for microbial growth and consequently enhancement of microbial respiration.
Material and Methods
[11] A controlled environment facility (CEF) was constructed in a rooftop greenhouse at Cardiff University ( Figure 1 ). The facility comprised 10 clear acrylic cabinets (400 mm width, 800 mm depth and 1000 mm height), where temperature, humidity, irrigation and atmospheric CO 2 could be electronically controlled. No supplementary illumination was provided. The 10 cabinets were divided into two separate banks of five cabinets each: one bank with an atmosphere of elevated (3.55 mbar; treatment) and the other with ambient (0.37 mbar; control) atmospheric CO 2 .
[12] Three replicates of each of the four model analogs, along with one no-plant control (bare of any vegetation), were established in seed trays (380 Â 240 Â 75 mm). The model analogs of algae, bryophytes, Psilotum nudum (L.) Griseb. and Equisetum hyemale (L.) (collectively referred to as ''plants'' henceforth) were established on a substrate of silica sand and peat (sand: Nippon Electric Glass, Cardiff; peat: commercially available moss peat (due to concerns that plants would not grow on pure sand); both constituents dried at 65°C and weighed prior to mixing). The plants were acclimated to the CEF environmental conditions for 6 weeks prior to initiation of Phase I. This lasted 30 weeks (MarchSeptember 2002) . Phase II lasted 43 weeks (October 2002 to July 2003 and was initiated by introducing additional organic matter (dead plant material, grown during Phase I, harvested, weighed, shredded) into the substrate. In an attempt to minimize the consequences of pseudoreplication, ambient and elevated atmospheric CO 2 conditions were alternated between banks every two months, and the respective plant trays transferred to the same atmospheric conditions in the opposite bank. To minimize location effects within each treatment, trays were rotated within each bank in a random fashion on a weekly basis. The new positions of the trays were determined using a random number generating computer program.
[13] Substrate CO 2 concentrations were measured indirectly: leachate, which preliminary measurements showed had the same dissolved total CO 2 concentration as the substrate pore spaces, was collected from each microcosm in 40ml bottles. The full bottles were sealed until analysis, which was undertaken within a few hours of the samples being taken. Dissolved total CO 2 concentrations were measured using a CO 2 electrode (Diamond General 501 Mini) and millivolt meter.
[14] Leachate samples were also analyzed for organic acids: oxalic, citric, malic, malonic, lactic, propionic and a-ketogluconic acids (Spectra Physics AS3500 HPLC, with a Supelco Supelcogel C-610H 59320-U 117-8E29 column packed with sulfonated polystyrene divinylbenzene, and Spectra Physics Spectra 100 variable wavelength analyzer at 210 nm).
[15] Total plant air-dried biomass was measured at the end of the experiment. Belowground (''root'') and above ground (''shoot'') biomass were measured separately for E. hyemale and P. nudum plants; in bryophytes whole plant biomass was measured.
[16] Microbial activity was measured as dehydrogenase activity (DHA) using 2,3,5-triphenyltetrazolium chloride (TTC) as an alternative to oxygen as the electron acceptor during intracellular NAD(P) metabolism. TTC is reduced to triphenyl formazan (TPF), and microbial activity may be measured as TPF concentration (adapted from Ö hlinger [1996] ). Samples (5 g substrate) were collected as one per replicate plant and treatment (total: 30) at the end of Phase II.
[17] Differences between CO 2 and plant treatments were tested using analysis of variance (two-way ANOVA; repeated measures ANOVA in the case of substrate CO 2 concentration to account for the effects of time). Significance between treatments was determined using Duncan's post hoc test.
Results
[18] Substrate CO 2 concentration generally increased (p < 0.001) under conditions of elevated atmospheric CO 2 levels. The bryophytes and both tracheophytes increased substrate CO 2 values by approximately 10 mbar in elevated atmospheric CO 2 compared with the ambient baseline (Figure 2 ), while the substrate CO 2 increases in algae (3.7 mbar) and control (5.2 mbar) were approximately equivalent to the atmospheric CO 2 elevation (3.19 mbar). The interaction between atmospheric CO 2 and plant treatment was not significant, with the substrate CO 2 increase under elevated conditions being similar in all plant treatments.
[19] There were marked differences in substrate CO 2 concentrations between different plant types (p < 0.001). E. hyemale yielded the highest (approximately 27% higher) under both ambient and elevated atmospheric CO 2 (Figure 2 ). The differences between nonrooted plant communities were small, showing similar substrate CO 2 values under both atmospheric CO 2 treatments (Figure 3) . During Phase I, substrate CO 2 under E. hyemale was significantly higher than in all other plants (Duncan's post hoc test, Figure 2 ). There were no significant differences between the remaining plant type treatments. For Phase II, E. hyemale exhibited the highest substrate CO 2 values, bryophytes and P. nudum Figure 1 . Seven of the ten controlled environment facility (CEF) cabinets inside the rooftop greenhouse; visible also the galvanized ducting for ventilation on top of and beneath the cabinets, the black irrigation tubes, and plant trays containing substrate and plants. Each cabinet is 40 cm wide.
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significantly lower, and algae and controls with the smallest values (Figure 2 ).
[20] There was no increase in substrate CO 2 following the introduction of additional organic matter into the substrate at the beginning of Phase II (Figure 3 ). Substrate CO 2 initially decreased on addition of organic matter in all microcosms before subsequent recovery to Phase I levels.
[21] Whole plant biomass (dry weight) differed significantly between plant treatments (p = 0.002, Table 1 ). The highest mean total biomass per tray was recorded in the bryophytes, and was more than twice that of P. nudum ( Figure 4) ; P. nudum had a higher total biomass than E. hyemale. Biomass increases under elevated atmospheric CO 2 were not significant ( Figure 4 and Table 1) .
[22] Microbial activity was very low ( Figure 5 ) in all plant and both CO 2 treatments. There were significant differences (p = 0.015; Table 1 ) between plant treatments: mean DHA was greater for bryophytes and P. nudum than for the other plants and control. Differences between CO 2 treatments were not significant (p = 0.089; Table 1 ).
[23] Generally no organic acids were detected. The only acid recorded occasionally, and completely randomly dis- 
Discussion
[24] Substrate CO 2 ranged between 16-87 mbar and was up to 130 times higher than atmospheric CO 2 . These concentrations cannot be solely due to diffusive equilibration with atmospheric CO 2 and support Ghosh et al.'s [1995] argument that atmospheric CO 2 in soil air makes up only a fraction of total soil CO 2 and root and microbial respiration must play an important role [Högberg et al., 2001] . Substrate CO 2 also increased under elevated atmospheric CO 2 concentrations. This difference may have been expected as a result of increased total respiration from greater biomass production at elevated atmospheric CO 2 concentrations [Lambers et al., 1996; Saralabai et al., 1997; Stöcklin and Körner, 1999; Poole et al., 2000] . However, in the present study, other than for the bryophytes, which showed significantly greater biomass under elevated atmospheric CO 2 , there was no such significant increase in plant growth.
[25] There was a distinct difference in biomass between types of plant: the bryophytes were the plants with the largest overall biomass. The bryophyte rhizoids formed an extremely dense, if somewhat shallow, network and may have the potential to affect CO 2 concentrations in the substrate to the same level as the compact rhizome of the nonrooted tracheophytes. Nevertheless, substrate CO 2 in bryophytes was statistically no higher than in the other plant treatments and control. The P. nudum rhizome was compact, filling a comparatively small volume of substrate; the potential presence of mycorrhizal fungi [Moteetee et al., 1996] , although not observed, did not appear to compensate for the lack of roots with respect to CO 2 produced by respiration. Having no belowground organs, the algae had not been expected to contribute to an increase in substrate CO 2 concentrations.
[26] The only plant where substrate CO 2 was significantly higher than the control trays was E. hyemale (rooted tracheophyte). Since the substrate organic content was the same and microbial respiration very similar, in all plants and treatments, the higher substrate CO 2 level in E. hyemale must have been the result of greater total plant belowground respiration. E. hyemale rhizomes and roots were much branched: when the plants were dug up, E. hyemale had formed a dense network of rhizomes and roots which had exploited the whole volume of substrate available. It is most likely that the reason for the failure of vegetation cover other than rooted tracheophytes to contribute substantially to the substrate CO 2 pool was the low substrate penetration of these other plant species. Others also found that the respiration rate in bulk soil (i.e., soil not penetrated by rooting organs) is much lower than in comparable soil compartments with roots [Baath and Wallander, 2003 ]; this may be either by the lack of CO 2 being introduced by plants directly into the substrate, or microbial respiration not being fuelled by rhizodeposition [Högberg et al., 2001; ScottDenton et al., 2006] .
[27] In the present study introduction of additional organic matter did not result in a significant increase in substrate CO 2 production. This, it is assumed, failed to stimulate microbial activity. Generally, microbial activity [Binet et al., 1998 ] and decomposition rates of organic matter by microorganisms [Heisler, 1994] are increased by mixing of mineral soil with organic particles, as this leads to good substrate/ organic matter contact, fragmentation of litter and inoculation of litter with microflora [Douce and Crossley, 1982] . This, in turn, usually results in the generation of additional CO 2 . 
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[28] Organic acids were not detectable in the experimental substrate. Several authors have suggested that organic acid concentrations in bulk soil are generally extremely low, being found in substantial concentrations only in soil microenvironments, for example, in the vicinity of microbial colonies and in the rhizosphere [Bennett and Casey, 1994; Drever and Vance, 1994; Ryan et al., 2001] where they fulfill an important role in the plant's acquisition of mineral nutrients [Dakora and Phillips, 2002] . This lack of organic acids in the bulk soil may have implications for chemical weathering: Chiu et al. [2002] found that concentrations of exchangeable potassium and magnesium are greater in the rhizosphere than in bulk soils, and Basu [1981] even considers the presence of unaltered potassium feldspars in pre-Silurian soils as an indication of absence of plants. In this study, the weathering effects of organic acids were negligible in our experiments compared with the ubiquitous carbonic acid. This contradicts Berner et al. [2003] who attributed plant-enhanced weathering mainly to the action of organic acids and chelates.
[29] In general, we are in agreement with Berner et al. [2003] that it is unlikely that nontracheophytic autotrophs (such as bryophytes) and nonrooted tracheophytes (such as P. nudum), despite their potentially high primary productivity, can increase the soil CO 2 content on the same scale as comparatively deeply and extensively rooted tracheophytes (such as E. hyemale). Bryophytic rhizoids and the rhizome of P. nudum had poor substrate penetration, and, in the absence of a mechanism to transfer into the substrate additional CO 2 produced by respiration/decomposition, contributed relatively less to total soil respiration than the rhizome, roots and root hairs of E. hyemale. It is this transfer of CO 2 from the atmosphere into the soil that promotes the formation of carbonic acid [see Oh and Richter, 2004] . This contrasts with Boucot and Gray's [2001] suggestion that terrestrial pretracheophytic productivity, particularly bacterial, being equal to or even higher than that of tracheophytes, would have contributed to higher substrate CO 2 levels. Productivity is important only if some mechanism exists to translocate carbon from the surface into soils. Bioturbation may have some role to play here, although deeply rooted plants appear to provide the bulk of this transfer by direct respiration and provision of a substrate for microbial activity.
[30] The inferred role of deeply rooted plants in increasing substrate CO 2 concentrations also confirms Berner's [1997] hypothesis of an acceleration of plant-enhanced chemical weathering following the evolution of deep rooting in the Devonian . Roots allowed a number of novel ways to increase the acidity of soils, the most important being CO 2 translocation, rather than simple diffusion. A speculative exception may be extremely highly productive nontracheophyte communities, coupled with the . Mean (±standard error) total biomass of plants under ambient and elevated atmospheric CO 2 concentrations at the end of the experiment. P. nudum and E. hyemale ''root'' data (shaded) and ''shoot'' data (unshaded); for bryophytes, bars indicate total biomass. vigorous activity of deeply burrowing detritivores, which transfer large amounts of organic matter from the soil surface to deeper horizons where microbial decay then increases the soil CO 2 concentration. In this study, for example, bryophytes were very productive, and because they contain chemically less recalcitrant parenchymatous tissues compared with, for example, P. nudum, may decompose quickly, releasing CO 2 into the substrate. The global contribution of plants with this level of plant-enhanced chemical weathering in the mid-Palaeozoic remains, however, a major uncertainty. A similar reservation relates to the distribution of rooted plants thus making quantitative estimates, such as Berner's plant weathering factor, difficult to achieve.
[31] Although not tested in this study it follows from observations on algae and bryophytes that biological soil crusts or lichens, although contributing to chemical weathering [e.g., Jackson and Keller, 1970] , have an overall small effect, even if they grow on a suitable substrate, such as basalt which contains a large proportion of Ca and Mg silicates. Mineralogy and contact area are as important as the presence of the right weathering agent. Preliminary results using small basalt tiles indicate that carbonic acid alone can dissolve quite substantial amounts of Ca, Mg and Na (work in progress, using the leachate recovered from the plant trays). Moulton et al. [2000] found most of the weathering observed on Iceland was under vascular plants as well as under mature forests growing on older (several thousand years) lava flows, presumably because the rock substrate was broken up, providing a larger surface area to be weathered as well as a greater input of CO 2 from soil respiration. The Old Red Sandstone, whose original sediments provided the substrate for many of the first land plants, contains abundant feldspar to be weathered. The Ditton Group, for example, is made up of up to 20% feldspar [Allen, 1974] . The increase in chemical weathering during the mid-Palaeozoic was therefore not only dependent on the presence of vascular plants with extensive rooting systems, but also on a supply of rock fragments and the appropriate mineralogy of the sediment. Future estimates of a plant weathering factor over geological time should be based on a range of biomes, with a reasonable spatial resolution, to account for differences in vegetation type; they should also take into account the type of substrate available for colonization.
Conclusions
[32] The present study demonstrates the importance of rooted plant evolution for a stimulation of chemical weathering and the development of our present atmosphere. The magnitude of the substrate CO 2 increase under elevated atmospheric CO 2 was determined by the type of vegetation growing on the substrate: a cover of rooted tracheophytes increased substrate CO 2 concentration more than a cover of nonrooted tracheophytes, bryophytes, algae, or no cover. This suggests that rooted tracheophytes have the potential to enhance chemical weathering on a larger scale than other vegetation types by facilitating the formation of carbonic acid within a soil. The increased weathering of silicate rocks, following the evolution of roots in the mid-Palaeozoic and the increased land area occupied by these plants, was largely responsible for the contemporaneous drop in atmospheric CO 2 levels reported by other authors.
